Iron overload plays a key role in the secondary brain damage that develops after intracerebral hemorrhage (ICH). The significant increase in iron deposition is associated with the generation of reactive oxygen species (ROS), which leads to oxidative brain damage. In this study, we examined the protective effects of VK-28, a brain-permeable iron chelator, against hemoglobin toxicity in an ex vivo organotypic hippocampal slice culture (OHSC) model and in middle-aged mice subjected to an in vivo, collagenase-induced ICH model. We found that the effects of VK-28 were similar to those of deferoxamine (DFX), a well-studied iron chelator. Both decreased cell death and ROS production in OHSCs and in vivo, decreased iron-deposition and microglial activation around hematoma in vivo, and improved neurologic function. Moreover, compared with DFX, VK-28 polarized microglia to an M2-like phenotype, reduced brain water content, deceased white matter injury, improved neurobehavioral performance, and reduced overall death rate after ICH. The protection of VK-28 was confirmed in a blood-injection ICH model and in aged-male and young female mice. Our findings indicate that VK-28 is protective against iron toxicity after ICH and that, at the dosage tested, it has better efficacy and less toxicity than DFX does.
Introduction
Blood that escapes after spontaneous intracerebral hemorrhage (ICH) is toxic and contributes to secondary brain damage. 1 Besides thrombin, hemoglobin is the most likely neurotoxin protein, as it is released in abundance from lysed red blood cells. As a result, microglia and infiltrating macrophages in the perihematomal zone become overloaded with iron degraded from hemoglobin (Hb)/heme. 2 Subsequently, iron transferred from immune cells accumulates in neurons and reacts with hydrogen peroxide via the Fenton reaction to form highly toxic hydroxyl radicals that attack DNA, proteins, and lipid membranes, thereby disrupting cellular function. 3 In preclinical in vivo ICH models induced by collagenase or blood injection, iron deposition is increased on the first day, peaks at day 3, and is still detectable on day 28 in the peri-hematoma region. 4 Increasing evidence has shown that iron chelation reduces Hb/iron-induced neuronal toxicity and offers promise as a therapeutic strategy for ICH. 2, [5] [6] [7] The iron chelator deferoxamine (DFX) is well-studied in ICH models. It has been shown to offer neuronal protection, reduce reactive oxygen species (ROS), and improve neurologic function in both collagenase and blood models in mice, rats, and piglets 2, [8] [9] [10] ; however, it has not been shown to decrease lesion volume, 2,11 brain edema and swelling, 2, 11 or even neurologic deficits, as reported by one group. 11, 12 Additionally, DFX is a large and unstable molecule, has poor cell permeability, 13 and causes severe side effects, including exacerbated body weight loss in mice (200 mg/kg) 2 and hypotension, pancytopenia, retinal toxicity and neurotoxicity in patients (at high doses), [14] [15] [16] and, in one case report, acute respiratory distress syndrome in a child. 17 Although a low dose of DFX (7-62 mg/kg per day) is being tested in a Phase II clinical trial for ICH (www. clinicaltrials.gov), an alternative to DFX is highly desired for pre-clinical and clinical ICH studies. VK-28 (5-[4-(2-hydroxyethyl) piperazine-1-ylmethyl]quinoline-8-ol), a brain-permeable iron chelator, has been shown to provide significant neuroprotection and a marked reduction in iron deposition in models of Parkinson's disease, 18 Alzheimer's disease, 19 and amyotrophic lateral sclerosis, 20 but no study has shown its effects on ICH outcomes. The goal of this study was to investigate the effects of VK-28 on short-term ICH outcomes, microglial polarization, white matter injury, long-term functional outcomes, and animal survival. We designed experiments to compare the therapeutic effects and side effects of DFX and VK-28 side by side in ex vivo organotypic hippocampal slice cultures (OHSCs) and in an in vivo ICH model. The insights gained from this study will be essential for selecting the proper iron chelators for future preclinical/clinical ICH studies.
Materials and methods

Study design
A power analysis based on our previous studies 2 and pilot data indicated that eight mice/group would provide at least 80% power for detecting a 20% decrease in lesion volume at a ¼ 0.05 (two-sided). To account for potential animal death, we used 10 mice/group. Animals that had a neurologic deficit score greater than 20 at 24 h post-surgery were euthanized under deep anesthesia. 21 Animals that died or were euthanized within 24 h post-surgery were excluded from the sample size. Outlying data points were defined after assuming a normal distribution using statistical software (threshold was set as 2.0 fold of SD from the mean) and were excluded from the data set. Three or more independent experiments were performed for all ex vivo experiments. Animals and slice cultures for each group were randomized with the website www.randomization.com. Treatment, data collection, and data analysis were blinded by using different investigators or by masking sample labels.
Animals
The experimental procedures were conducted in accordance with the National Institutes of Health guidelines and were approved by the Johns Hopkins University Animal Care and Use Committee. Middleaged male, aged male, and young female C57BL/6 mice were obtained from Charles River Laboratories (Wilmington, MA, USA). In total, we used 167 middle-aged male mice (12-months-old), 30 aged male mice (18-months-old), and 30 young female mice (3months-old). All mice were housed in a pathogen-free environment with free access to food and water on a 12h light/dark cycle before and after surgery. Animal experiments were reported in accordance with the ARRIVE, STAIR, and RIGOR guidelines. 22, 23 OHSCs OHSCs were cultured as previously described. 24 Brains were rapidly removed from pups (seven-to nine-days old) and placed in ice-cold Hanks' balanced salt solution (HBSS, with Ca 2þ and Mg 2þ ; Life Technologies, Frederick, MD) containing 25 mM HEPES (Life Technologies). The brains were cut coronally into 350 -mm-thick sections with a McIlwain tissue chopper (Ted Pella, Redding, CA). The hippocampal slices were isolated carefully and immediately plated on a hydrophilic PTFE cell culture insert with pore size of 0.4 mm (Millicell-CM, Millipore, Darmstadt, Germany) in a 6-well plate. We cultured the hippocampal slices with 1 mL culture medium containing 50% DMEM (Life Technologies), 25% HBSS, 25% heat-inactivated horse serum (Invitrogen, Grand Island, NY), 35 mM glucose (Sigma, St. Louis, MO), and 25 mM HEPES at 37 C in a humidified incubator with 5% CO 2 . We changed the medium to 70% DMEM and 5% heatinactivated horse serum the next day and then every two to three days. After 10 to 14 days of culture in vitro, the sections were placed in serum-free medium (75% DMEM) one day before treatment.
ICH model
We used ear bars and an incisor bar to hold the heads of the mice, which were anesthetized with isoflurane (4.0% for induction and 2.0% for maintenance) and ventilated with oxygen-enriched air (20%:80%) via a nose cone. Each mouse was injected in the left striatum with 0.5 mL of 0.075 U collagenase VII-S (Sigma) at the rate of 0.1 mL/min. The needle was kept in place for 5 min and then removed gradually. The stereotactic coordinates of injection were 0.6 mm anterior and 2.0 mm lateral of the bregma, and 3.0 mm in depth. 25 The craniotomy was sealed with 4-0 silk sutures.
To confirm the protective effect of VK-28 on ICH outcomes, we used a second ICH model in which 10 mL of autologous whole arterial blood was injected into the left striatum at a rate of 0.5 mL/min. Blood removed from the tail and was infused in two time blocks (4 mL followed by a 5-min pause and then 6 mL followed by a 10-min pause). 26 For all models, rectal temperature was maintained at 37.0 AE 0.5 C throughout experimental and recovery periods (DC Temperature Controller 40-90-8D; FHC Inc., ME). Sham-operated mice received the same treatment with needle insertion but no collagenase or blood injection.
Experimental groups
For OHSCs experiments, we used four treatment groups: vehicle, 20 mM Hb (Sigma), 20 mM Hb with 100 mM DFX (Sigma), 27 and 20 mM Hb with 5 mM VK-28 (Santa Cruz Biotechnology, Dallas, TX). 28 For in vivo experiments, the mice were randomly assigned to receive DFX (200 mg/kg), 2 VK-28 (5 mg/ kg), 28 or vehicle (saline containing 5% DMSO). All drugs were administered intraperitoneally (i.p.) at 6 h after collagenase or autologous blood injection and then every 12 h for one, three, or seven consecutive days.
Propidium iodide staining
Propidium iodide (PI) (5 mg/mL, Sigma) was added to OHSCs for cell death assessment. Before OHSCs were treated with Hb or drug, images were taken under a fluorescence microscope (TE 2000-E, Nikon, Japan) at 200 ms exposure time, and the PI fluorescence intensity was recorded as P0. After 16 h of treatment, the slices were incubated with PI for 30 min and images were captured as P16. Slices were incubated for another 24 h to reach maximum death (Pmax). The fluorescence intensity was measured by Image J software (NIH, Bethesda, MD), and cell death was determined as a percentage by dividing the total number of pixels in the region of interest (ROI) by the pixels in the ROI above a threshold in the PI fluorescent image. 24 Cell death was calculated as (P16-P0)/ (Pmax-P0) Â 100%.
Lactate dehydrogenase (LDH) activity assay
We collected the treated medium from the OHSCs and measured lactate dehydrogenase (LDH) activity by an LDH activity assay kit (Sigma). The samples were treated with substrate and assay buffer in a clear 96-well plate. Reduction of NAD to NADH was detected at 450 nm on a Spectramax M2 microplate reader (Molecular Devices LLC, Sunnyvale, CA).
ROS detection
For in vitro detection, we incubated the OHSCs for 30 min with 63 mM hydroethidine (HEt, Molecular Probes, Eugene, OR), a cell-permeable oxidative fluorescent dye, and captured images under a fluorescence microscope (Nikon Eclipse 90i) at identical exposure times. An investigator blinded to treatment group analyzed the fluorescence intensity with Image J software.
For in vivo detection, we analyzed ROS production after ICH by in situ detection of oxidized HEt. 29 HEt (in DMSO) was diluted to 1 mg/mL in phosphatebuffered saline (PBS) and sonicated. At one day after ICH, mice were injected i.p. with 300 mL of HEt and euthanized 1 h later. All images were taken under a fluorescence microscope at identical exposure times, contrast settings, and intensity. An investigator blinded to treatment group analyzed the sections with Image J software.
Perls' iron and Fluoro-Jade B staining
Ferric iron accumulation at three days after ICH was detected by 3,3 0 -diaminobenzidine (DAB; Vector Laboratories, Burlingame, CA)-enhanced Perls' staining as previously described. 2 Sections of brain tissue were washed with PBS and incubated in freshly prepared Perls' solution (5% potassium ferrocyanide with 10% hydrochloric acid) for 1 h, followed by PBS washes (3 Â 5 min). After DAB incubation (3 min) and hematoxylin (Sigma) counterstaining, Image J software was used to analyze iron deposition.
To examine degraded neurons in brain tissue, we used Fluoro-Jade B (FJB) staining according to a previously published description. 30 The concentration of FJB was 0.0004%. Stained brain sections were examined with a fluorescence microscope at an excitation wavelength of 450-490 nm.
To quantify Perls' iron-positive or FJB-positive cells, we selected at least three sections per mouse with similar areas of hematoma, and three fields with magnification of 200Â per section. The numbers from these fields were averaged and expressed as positive cells per square millimeter for each mouse. Tissue sections were analyzed by an observer who was blinded to the experimental cohorts.
Hemorrhagic injury volume
On day 3 after ICH, we euthanized mice and collected 30 -mm rostral-caudal level cryosections spaced at 180 -mm intervals from bregma þ1.32 to À1.64 mm. We stained the cryosections with Luxol fast blue (which stains myelin) and Cresyl violet (CV, which stains surviving neurons) to quantify lesion volume, including volume of the hematoma and peri-hematoma regions (characterized by neuronal loss and white matter damage); damaged areas were evaluated under a 10Â objective with Image J software. The total injury volume in cubic millimeters was calculated as the sum of the damaged area multiplied by the distance between the sections (180 mm), 31 and was corrected for brain swelling: corrected lesion volume ¼ volume of nonhemorrhagic hemisphere -(volume of hemorrhagic hemisphere -lesion volume). 29 We further quantified Luxor fast blue-positive areas to evaluate myelin integrity under 10Â objective microscope, and used CV to quantify surviving neurons around the lesion under 40Â objective. 32 
Brain water content measurement
To assess the global cerebral edema, we measured brain water content in different treatment groups as previously reported. 2 Briefly, on day 3 after ICH, mice were euthanized by deep anesthesia. The brains were removed and divided into three parts: ipsilateral hemisphere, contralateral hemisphere, and cerebellum (an internal control). Samples were immediately weighed on an analytical balance to record the wet weight, and then dried at 100 C for 24 h to obtain the dry weight. Brain water content was expressed as (wet weight-dry weight)/wet weight of brain tissueÂ100%.
Brain swelling measurement
Using the cytosections stained with Luxol fast blue and CV, we quantified brain swelling by calculating the percentage of hemispheric enlargement at three days after ICH with Image J software as described previously. 2 The percentage of hemisphere enlargement was expressed as: (ipsilateral hemisphere volume/contralateral hemisphere volume) Â100%.
Spectrophotometric assay for hemoglobin content
The hemoglobin content of brains was quantified with the Hemoglobin Assay Kit (Sigma) at 24 h after collagenase injection. Briefly, mice were anesthetized and then transcardially perfused with PBS. The injured hemisphere was collected in a tube with 500 mL of ice cold PBS. The tissue was homogenized for 1 min, and then centrifuged at 16,000 g for 15 min. Fifty microliters of supernatant were transferred to flatbottom, 96-well plates. After a 5-min incubation with reaction reagent, we measured the absorbance at 400 nm. Hemoglobin content was calculated by a standard curve.
Neurologic function evaluation
An investigator blinded to treatment groups evaluated the mice with a neurologic deficit scoring system on days 1, 3, 7, and 28 after ICH, as described previously. 21 Mice were evaluated for six tests, including body symmetry, gait, climbing, circling behavior, front limb symmetry, and compulsory circling. Each test was graded from 0 to 4, leading to a maximum deficit score of 24. 21 Mice were also tested in the corner turn test at baseline and on days 1, 7, and 28 after ICH. The direction a mouse turned when facing a 30 corner was recorded in 10 trials and expressed as percentage of left turns. 32 
Immunofluorescence staining
Immunofluorescence was conducted as described previously. 32 Brain sections were incubated overnight at 4 C with primary antibodies including rabbit anti-Iba-1 (1:1000; Wako Chemicals, Richmond, VA, USA), mouse anti mannose receptor (CD206, 1:50; Abcam, Cambridge, MA), rat anti-CD16/32 (1:100; BD Medical Technology, Franklin Lakes, NJ), mouse anti-myelin basic protein (MBP, 1:1000; Biolegend, San Diego, CA), rabbit anti-degraded myelin basic protein (dMBP, 1:1000; Millipore, Billerica, MA), and rabbit anti-beta-amyloid precursor protein (beta-APP, 1:1000; Invitrogen). Then the sections were incubated with secondary antibodies (Alexa Fluor 488 and/or Alexa Fluor 594, 1:1000; Molecular Probes, Eugene, OR) for 1 h at room temperature. All sections were photographed under a fluorescence microscope (Nikon Eclipse TE2000-E). We acquired at least nine locations per mouse (three fields per section Â three sections per mouse) for quantifications.
We quantified the number of Iba-1-positive cells around the lesion at day 3 after ICH, and counted the number of cells that co-expressed Iba-1 and CD16/32 or Iba-1 and CD206. To examine dMBP and b-APP expression, we calculated fluorescent areas by Image J software.
Microglial morphology
We analyzed the morphology of Iba-1-positive cells around the lesion one day 3 using Neurolucida software (MBF Bioscience). Cells were imaged on sections at 1.70, 0.74, and À0.34 mm from the bregma. We selected three fields per section with magnification of 200Â and analyzed 105 cells in each image (we chose only microglia that displayed intact processes unobscured by background labelling or other cells). 33 Cell body diameter/area, branch number and length, number of nodes and ends of microglia, and the complexity of the cells were quantified by the software.
Statistical analysis
All data are presented as mean AE SD. We used one-way or two-way analysis of variance (ANOVA) to compare differences among multiple groups followed by Bonferroni or Dunn's post hoc analysis. All analysis was carried out with GraphPad Software (GraphPad Prism 5.0; GraphPad Software, Inc., La Jolla, CA). The criterion for statistical significance was p < 0.05.
Results
VK-28 reduces Hb-induced cell death and ROS production in OHSCs
To determine whether iron chelators inhibit Hb-induces cell death in OHSCs, we exposed cultured OHSCs obtained from C57BL/6 mice to 20 mM Hb and assessed cell death with PI staining; 16-h incubation with 20 mM Hb caused cell death in dentate gyrus and the hippocampal CA1 and CA3 regions (vehicle: 12.40 AE 3.91%; Hb: 44.45 AE 8.56%; p < 0.05; Figure 1 with DFX or VK-28 reduced Hb-induced LDH release (Hb þ DFX: 5.77 AE 1.12, Hb þ VK-28: 5.74 AE 1.01 milliunit/mL; n ¼ 7 slices/group; both p < 0.05 vs. Hb; Figure 1 (c)).
To determine whether iron chelators are able to reverse Hb-induced ROS accumulation, we used HEt to assess cellular ROS production. Hb induced large amounts of ROS (vehicle: 0.35 AE 0.05 Â 10 E7 , Hb: 2.89 AE 0.51 Â 10 E7 ; n¼ 8 slices/group; p < 0.01; Figure 1(d) and (e)); DFX and VK-28 were both able to reverse Hb-induced ROS (Hb þ DFX: 0.61 AE 0.56 Â 10 E7 , p < 0.05 vs. Hb; Hb þ VK-28: 0.18 AE 0.13 Â 10 E7 , p < 0.001 vs. Hb; n ¼ 5-8 slices/ group; Figure 1(d) and (e)).
VK-28 attenuates ROS production, iron deposition, neuronal death, brain edema, and brain swelling after ICH in vivo
To determine the initial bleeding, we measured the striatal Hb content 24 h after ICH, and found no significant difference among all groups (vehicle: 959.33 AE 227.89, DFX: 772.42 AE 363.50, VK-28: 591.58 AE 204.68 mg/dL; n ¼ 5 mice/group; Figure S1 ). To investigate the effect of DFX and VK-28 on acute outcomes at 24 h after ICH, we measured ROS accumulation in situ by oxidized HEt. As expected, treatment with DFX or VK-28 at 6 h after ICH effectively decreased ROS production by approximately half compared to that of the vehicle-treated group (DFX: 0.51 AE 0.18 fold change, VK-28: 0.50 AE 0.09 fold change; n ¼ 5-10 mice/group; Figure 2(a) ). In addition, we used Perls' staining to quantify ferric iron deposits in the perihematomal region at three days after ICH, the time of peak injury. 4 Post-treatment with DFX or VK-28 significantly reduced the number of iron-positive cells compared with that in the vehicle group (vehicle: 110.50 AE 50.81, DFX: 35.53 AE 11.81, VK-28: 38.31 AE 22.83 per 200Â field; both p < 0.001 vs. vehicle; n ¼ 5 mice/group; Figure 2(b) ). We further evaluated neuronal death using FJB staining. Only VK-28 treatment significantly reduced the number of FJB þ cells at three days after ICH (vehicle: 282.47 AE 29.14/mm 2 ; DFX: 212.33 AE 35.65/mm 2 , p > 0.05; VK-28: 165.42 AE 17.33/ mm 2 ; p < 0.001; n ¼ 5 mice/group; Figure 2(c) ). We further confirmed the rescue effects of VK-28 and DFX using CV staining. Consistent with the results we gained from FJB staining, we found that the number of surviving neurons was significantly higher in the DFX-and VK-28-treated mice than in the vehicle-treated mice (vehicle: 67.48 AE 23.08, DFX: 147.7 AE 44.73, VK-28: 156.5 AE 40.89 per 400-x field; both p < 0.001 vs. vehicle; n ¼ 5 mice/group; Figure 2(d) ). Using the Luxol fast blue/CV staining to measure lesion volume and brain swelling at three days after ICH, we found that neither DFX nor VK-28 affected lesion volume (vehicle: 6.30 AE 2.06 mm 3 , DFX: 7.64 AE 2.26 mm 3 , VK-28: 6.44 AE 4.81 mm 3 ; both p > 0.05 vs. vehicle; n ¼ 5 mice/group; Figure 2 (e)). DFX did not affect brain swelling, whereas VK-28 treatment significantly decreased brain swelling in the ipsilateral striatum (vehicle: 117.4 AE 4.40%, DFX: 115.4 AE 8.56%, VK-28: 105.6 AE 3.65%; p < 0.05 (VK-28 vs. vehicle); n ¼ 5 mice/group; Figure 2(f) ). DFX did not alter brain water content of the ipsilateral hemisphere, contralateral hemisphere, or cerebellum among groups, but VK-28 treatment significantly decreased brain water content in the ipsilateral striatum at three days after ICH (vehicle: 81.61 AE 0.39%; DFX: 82.24 AE 1.12%, p > 0.05; VK-28: 80.12 AE 0.41%; p < 0.01; n ¼ 6 mice/group; Figure 2(g) ).
We further confirmed the effect of VK-28 on brain water content in middle-aged (12-month-old) male mice subjected to an autologous blood ICH model. As expected, VK-28 administration reduced brain water content in the ipsilateral striatum at three days after ICH (vehicle: 81.29 AE 0.27%, VK-28: 80.12 AE 0.50%; p < 0.001; n ¼ 6 mice/group; Figure  S2(a) ). Additionally, VK-28 significantly decreased brain water content on day 3 after collagenaseinduced ICH in aged (18-month-old) male mice (vehicle: 81.58 AE 0.40%, VK-28: 80.08 AE 0.47%; p < 0.001; n ¼ 5 mice/group; Figure S2(b) ) and young female (vehicle: 80.44 AE 0.32%; VK-28: 79.94 AE 0.32%; p < 0.05; n ¼ 5 mice/group; Figure S2(c) ).
VK-28 improves neurologic function and corner turn preference after ICH in vivo
Mice treated with VK-28 exhibited significantly less neurologic deficit than did vehicle-treated mice on days 3, 7, and 28 (all p < 0.001 vs. vehicle; Figure 3 (a)), whereas DFX-treated mice showed improved neurologic function only on days 3 (p < 0.01) and 7 (p < 0.05). Neurologic scores did not differ significantly in either group from those of vehicle-treated mice on day 1. Notably, long-term recovery was significantly better in the VK-28 group, as neurologic deficit scores were significantly lower in that group than in the DFX-treated group on day 28 (p < 0.05; Figure 3(a) ).
For corner turn tests, all groups showed equal preference for right and left turns at baseline and a significant preference for left turns at 1 day post-ICH (p > 0.05; Figure 3 (b)). DFX did not affect the ICH-induced turn preference, but VK-28 significantly corrected the preference on day 7 (p < 0.001 vs. both vehicle and DFX) and day 28 (p < 0.001 vs. vehicle, p < 0.01 vs. DFX) after ICH (day 7: vehicle: 88.33 AE 7.53%, DFX: 88.33 AE 4.08%, VK-28: 75.00 AE 5.48%; day 28: vehicle: 78.33 AE 4.08%, DFX: 75.00 AE 5.48%, VK-28: 65.00 AE 5.48%; n ¼ 6 mice/group; Figure 3 VK-28 also significantly reduced neurologic deficits on days 3, 7, and 28 after ICH and corrected corner turn preference on day 28 after ICH in aged (18-monthold) male mice (n ¼ 5 mice/group; Figure S3 (a)) and young (3-month-old) female mice (n ¼ 5 mice/group; Figure S3(b) ).
VK-28 treatment decreases microglial activation and polarization after ICH
Microglia regulate iron homeostasis by sequestering it within ferritin in the brain, but iron overload influences the physiologic properties of microglia. 34 To investigate the effects of VK-28 on microglial activation after ICH, we performed immunostaining of Iba-1, a microglia/ macrophage cell marker, and quantified the number of activated Iba-1-positive microglia/macrophages around the lesion at three days after ICH. We found that, compared with the number in the vehicle group (178.8 AE 39.65), the number of activated Iba-1-positive microglia/macrophages in the perihematomal region was significantly less in the DFX group (132.5 AE 27.24, p < 0.05) and VK-28 group (132.6 AE 24.5, p < 0.01; n ¼ 5 mice/group; Figure 4(a) ). We also observed that the morphology of microglia in the VK-28 treatment group differed from that in the vehicle and DFX treatment groups. Neurolucida software analysis showed that cell body area at three days post-ICH was significantly smaller in the VK-28 group (80.45 AE 25.86 mm 2 ; p < 0.05 vs. vehicle) than in the vehicle group (99.62 AE 33.71 mm 2 ) or DFX group (104.7 AE 31.9 mm 2 , Figure 4(b) ). However, cell body area in the VK-28 group was still significantly larger than that in the sham group (42.15 AE 16.16 mm 2 , p < 0.05). No difference was detected between the DFX and vehicle groups (p > 0.05; Figure 4(b) ). We did not detect differences in the number of dendrites, notes and ends, length of dendrites, and the complexity of the cells between the vehicle and drug-treated groups (p > 0.05; Figure 4(b) ).
To assess the effects of DFX and VK-28 on microglial polarization after ICH, we performed immunofluorescence staining for Iba-1 and CD16/32 (M1 marker) or CD206 (M2 marker). We found that both DFX and VK-28 decreased the percentage of Iba-1 þ / CD16/32 þ cells (vehicle: 87.07 AE 2.44%; DFX: 77.58 AE 4.25%, p < 0.05; VK-28: 73.78 AE 8.87%, p < 0.01; n ¼ 5 mice/group; Figure 4(c) ). Surprisingly, only VK-28 increased the percentage of Iba-1 þ / CD206 þ cells (vehicle: 12.45 AE 1.88%; DFX: 13.56 AE 2.76%, p > 0.05; VK-28: 19.89 AE 4.49%, p < 0.05; n ¼ 5 mice/group; Figure 4(d) ).
VK-28 attenuates white matter damage after ICH
On the third day after ICH, we labeled dMBP to detect damaged myelin and b-APP to mark damaged axons. We observed that degraded myelin was distributed in the core and at the edge of the hematoma after ICH, whereas damaged axons surrounded the hematoma edge (Figure 5(a) and (b) ). DFX did not significantly affect dMBP or b-APP expression, but VK-28 effectively reduced the percentage of area with dMBP from 5.77 AE 2.31% per 200Â area (with vehicle treatment) to 3.78 AE 1.30% per 200 Â area (p < 0.05; Figure 5 However, we detected no differences between groups (n ¼ 5 mice/group; all p > 0.05; Figure S4(a) and (b) ).
VK-28 decreases mortality rate after ICH
We recorded mortality rate for 28 days after ICH; 6 of 78 vehicle-treated mice (7.69%) and 2 of 36 VK-28treated mice (5.56%) died in that time period ( Figure  S5(a) ). In contrast, DFX produced severe death after ICH, with a mortality rate of 33.96% (18 of 53 mice; Figure S5 (a)).
We also recorded mouse body weight before and after the ICH procedure. Compared to the baseline, all mice had lost weight on day 1, with no difference between groups. However, on day 3, mice in the vehicle and VK-28 groups had begun to recover weight, whereas those in the DFX group continued to lose weight. At that time point, weight loss was significantly greater in the DFX group (8.31 AE 5.11%) than in the vehicle group (3.29%) or VK-28 group (2.10 AE 3.36%). Weight loss did not differ between the vehicle-and VK-28-treated groups (p > 0.05; Figure S5(b) ).
Discussion
Iron toxicity contributes to secondary neuronal death after ICH, 1 but managing iron deposition has been shown to improve ICH outcomes in pre-clinical studies. 2, [5] [6] [7] Iron chelation also is showing promising results in clinical trials (www.clinicaltrials.gov). DFX is a well-studied compound that chelates cellular iron effectively and improves outcomes after experimental ICH 35 and in other disease models 36, 37 related to abnormal iron accumulation. Although several groups have reported that DFX reduces brain edema after the blood injection ICH model in rats and piglets, 8, 9 these results were not confirmed by another group. 11, 12 In a systematic review of the effect of DFX in ICH animal models, Cui et al. 35 concluded that treatment window and model type (blood infusion or collagenase infusion), but not the dosage, age of the animal, or treatment method (intramuscular or intraperitoneal injection) influenced the effect of DFX on brain water content. 35 They found that early post-treatment with DFX at 2 or 4 h after ICH reduced brain water content and that DFX was more effective in blood injection models than in collagenase injection models.
Ours is the first study to test VK-28 in ICH animal models and the first to compare the effects of DFX and VK-28 side by side. The collagenase and blood models are the two most commonly used animal models to mimic clinical ICH; however, neither can fully reflect the disease. The collagenase model mimics an acute cerebrovascular rupture and blood-brain barrier (BBB) breakdown. It imitates early neurologic deterioration 38 and hematoma expansion 39 with increased intracranial pressure, 40 similar to that present in ICH patients. 41 The autologous blood model mimics a single large bleed, and is used to investigate blood toxicity and mechanisms of injury, but it lacks the underlying vascular pathology and is not ideal for long-term functional studies. 5, [42] [43] [44] Therefore, we commonly use both models to confirm our major findings, 21, 29, 30 as suggested by RIGOR and STAIR criteria. 22, 23 We did not find a strong effect of DFX on brain water content in our collagenase-induced ICH model, but we found that VK-28 was able to reduce brain water content in the ipsilateral striatum. Although we did not detect statistically significant differences in injury volume among vehicle, DFX, and VK-28 treated groups, we observed a trend toward increased lesion volume after DFX treatment. VK-28 did not appear to alter brain injury volume. Cao et al. 45 found that DFX treatment attenuated the process of hematoma resolution by reducing member attack complex formation and inhibiting CD47 loss in the clot in a piglet model of ICH. We did not investigate the hematoma clearance by VK-28 or DFX treatment in our study. However, DFX treatment may result in delayed hematoma clearance, which might underlie the slightly larger lesion volume seen at day 3 post-ICH.
Tough it is important to evaluate the effect of treatment on injury volume in animal models, behavior changes are a more vital metric clinically. Like other studies have shown, DFX treatment improved shortterm outcomes. 35 We found that DFX improved neurologic function on days 3 and 7 compared to that in the vehicle group, but VK-28 offered improvements even up to day 28 post-ICH. Additionally, DFX had no effect on ICH-induced corner turn preference changes, but VK-28 was able to reduce the left-turn preference on days 7 and 28 post-ICH. Thus, at the dosages tested, VK-28 might be more effective than DFX at reducing neurologic deficit. In addition to assessing the effects on behavioral outcomes, determining the side effect profile of a potential treatment is also important. It has been reported that DFX can lead to hypotension, pancytopenia, retinal toxicity, and neurotoxicity clinically. [14] [15] [16] 46 Few studies have evaluated side effects of DFX in preclinical animal models. We and others have found that DFX increases body weight loss and death rate after ICH. 2, 47 In this study, we did not observe increased mortality or weight loss after ICH in the VK-28 group as we did in the DFX group, making VK-28 a more promising compound.
Another difference we observed between DFX and VK-28 was the effect on microglial activation and polarization. Microglia are recruited to the peri-hematoma region and activated immediately after ICH. 48 Activated microglia and infiltrating macrophages clean up hematoma and dead cell debris; however, when these innate immune cells become over-activated, they release large amounts of inflammatory factors that cause secondary damage to neuronal cells. 48 DFX and VK-28 both decreased the number of activated microglia/macrophages in the peri-hematoma region compared with that in the vehicle group. Additionally, they deceased CD16/32 on Iba-1-positive cells. The decrease in number of activated microglia/macrophages and number of M1-like microglia/macrophages suggests that DFX and VK-28 suppressed inflammation after ICH. Such activity may represent another mechanism by which DFX and VK-28 are able to rescue degenerating neurons and improve neurologic function. Furthermore, we observed that VK-28, but not DFX, decreased the cell body area and increased CD206 expression on Iba-1-positive cells. This finding suggests that VK-28 polarized microglia/macrophages toward an M2-like phenotype, which contributes to hematoma clearance and brain healing. Indeed, Kroner et al. 49 reported that iron and TNF-a polarize microglia toward an M1-like phenotype. In our study, we believe that intracellular iron chelation was able to polarize microglia/macrophages to an M2-like phenotype, and that M2 polarization might have been greater with VK-28 treatment because the effective concentration of VK-28 in the peri-hematoma region could have been higher than that of DFX.
White matter injury after ICH 31 contributes to long-term complications, including motor and sensory deficits, and possibly even depression and cognitive dysfunction. However, few studies have looked into white matter injury after ICH, especially in mouse models. 21 We reported that, although neither DFX nor VK-28 changed Luxol fast blue staining or MBP immunostaining, VK-28 did decrease the expression of axon/myelin acute damage markers b-APP and dMBP. Thus, VK-28 might be able to diminish white matter injury at later time points. Previous studies have shown that DFX decreases white matter injury in rats and piglets after the blood injection ICH model. 8, 47 However, we did not observe this effect in our collagenase model. One explanation might be that the protective effects of DFX are animal model-dependent, as it was reported to be able to decrease lesion volume in the former, but not the latter. 35 The Fe 2þ binding affinity is inversely proportional to the half maximal dequenching concentration [M] 1/2 , and the [M] 1/2 value of DFX is larger than that of VK-28, which means that VK-28 has better Fe 2þ binding affinity. 50 The biggest advantage of VK-28 is that it can penetrate the intact BBB, whereas DFX cannot. Thus, VK-28 may target the brain at a lower systemic concentration and be more suitable for use in clinic. Another explanation would be that the collagenase injection model induces more severe damage to the BBB, and more damage to the striatum, substantia nigra, white matter, and cortex than the blood injection model at an equal hematoma volume. 43, 51 DFX failed to decrease neuronal death, brain swelling, and edema, and failed to decrease the expression of white matter damage-related markers in the acute phase of the collagenase injection model, perhaps because this model can cause more severe white matter damage than the blood injection model.
In clinical trials of ICH, clot removal is a very promising procedure. Although open surgery trials of hematoma evacuation (STICH I and II) have not shown expected results, 52 two randomized minimally invasive surgery (MIS) trials are recruiting patients in order to compare standard medical management to early surgical hematoma evacuation using MIS (NCT02880878 and NCT02331719, www.clinicaltrials. gov). One clinical trial that combined MIS with rt-PA administration (MISTIE II) has been completed successfully. 53, 54 A Phase III clinical trial that began in 2013, MISTIE-III (NCT01827046, www.clinicaltrials. gov), is still ongoing. In our study, we showed that VK-28 might offer effective treatment without significant side effects in an ICH mouse. Based on our findings, we believe that VK-28 could be administered safely to patients following MIS with or without rt-PA treatment.
Our study had several limitations. First, to fully compare the effectiveness of VK-28 and DFX is, we need to conduct dose response experiments and a comparative pharmacodynamic study; in this study, we tested only one commonly used dosage of each drug. We also did not compare the therapeutic window, although 6-h delayed treatment is validated for most treatments. Second, we examined the acute effects of VK-28 on days 1 and 3 post-ICH only for ROS accumulation, iron overload, neuronal death, lesion volume, microglia/macrophage activation, and acute phase of white matter injury markers; it is also important to examine other inflammatory responses such as infiltration of macrophages, neutrophils, and T cells at different time points. Third, we have found previously that ferroptotic cell death might contribute to ICH injury 55 in addition to other forms of cell death such as necrosis and apoptosis. It would be interesting to investigate which forms of cell death can be rescued by iron chelators. Lastly, we only evaluated longterm effects on neurologic deficits and corner turn preference; other behaviors such as depression/anxiety, learning, and memory should be evaluated in the future.
In conclusion, both VK-28 and DFX are protective after ICH in mice, but VK-28 appears to be more effective and safer than DFX at the dosage tested. The insights we gained from this study are valuable, and provide another alternative compound for treatment of ICH in the future.
